The Mg 0.1 Zn 0.9 O films were grown using atomic layer deposition (ALD) system and applied to metal-semiconductor-metal ultraviolet photodetectors (MSM-UPDs) as an active layer. To suppress the dangling bonds on the Mg 0.1 Zn 0.9 O surface, the photoelectrochemical (PEC) treatment was used to passivate the Mg 0.1 Zn 0.9 O surface, which could reduce the dark current of the MSM-UPDs about one order. Beside, to increase more incident light into the Mg 0.1 Zn 0.9 O active layer of the MSM-UPDs, the 500-nm-diameter silica nanospheres were spin-coated on the Mg 0.1 Zn 0.9 O active layer to improve the antireflection capability at the wavelength of 340 nm. The reflectivity of the Mg 0.1 Zn 0.9 O films with silica nanospheres antireflection layer decreased about 7.0% in comparison with the Mg 0.1 Zn 0.9 O films without silica nanospheres. The photocurrent and UV-visible ratio of the passivated Mg 0.1 Zn 0.9 O MSM-UPDs with antireflection layer were enhanced to 5.85 A and 1.44 × 10 4 , respectively, at the bias voltage of 5 V. Moreover, the noise equivalent power and the specific detectivity of the passivated Mg 0.1 Zn 0.9 O MSM-UPDs with antireflection layer were decreased to 2.60 × 10 −13 W and increased to 1.21 × 10 12 cmHz 1/2 W −1 , respectively, at the bias voltage of 5 V. According to the above mentions, the PEC treatment and silica nanospheres antireflection layer could effectively enhance the performance of Mg 0.1 Zn 0.9 O MSM-UPDs.
Introduction
Ultraviolet (UV) photodetectors have received more attention due to their wide applications, such as flame detection, chemical agent detection, space communications, and solar astronomy [1] [2] [3] . Different kinds of UV photodetectors have been developed to fit the requirements for various applications. To fabricate UV and deep UV photodetectors, the ternary magnesium zinc oxide (Mg Zn 1− O) with the wide bandgap is a promising candidate. Owing to the fact that the ionic radius of Mg 2+ (0.57Å) is very close to that of Zn 2+ (0.6Å), the Mg Zn 1− O alloy with Mg content = 0.36 remains a single phase wurtzite structure [4] . Recently, several researches reported that Mg Zn 1− O films were prepared by various techniques, such as molecular beam epitaxy (MBE) [5, 6] , metal organic chemical vapor deposition (MOCVD) [7, 8] , magnetron radio frequency (RF) sputtering [9, 10] , vapor cooling condensation system [11] , and pulsed laser deposition (PLD) [12, 13] . In this work, the high quality Mg 0.1 Zn 0.9 O films were deposited using an atomic layer deposition (ALD) and applied in the metal-semiconductor-metal ultraviolet photodetectors (MSM-UPDs). Since the surface states on the Mg Zn 1− O surface seriously affected the performance of the MSMUPDs, how to improve the surface states was the primary issue. There were some methods, such as hydrogen peroxide treatment [14] , (NH 4 ) 2 S treatment [15] , and photoelectrochemical (PEC) treatment [16] that were used to passivate the Mg Zn 1− O surface. In this work, the PEC treatment was used to passivate the Mg 0.1 Zn 0.9 O surface to decrease the dangling bond on the Mg 0.1 Zn 0.9 O surface, which could reduce the surface states and improve the performance of the MSM-UPDs. Moreover, to further enhance the performance of the detectors, the antireflection technique was applied to increase the amount of light incident into the active layer of the MSM-UPDs. Many approaches were used to deposit the antireflection layers, such as magnetron RF sputtering [17] , electron-beam evaporator [18] , lithography technologies [19] , phase-separation [20] , and self-assembled technology [21] . Among these, the self-assembled technology had some advantages: low cost, easier preparation, and low deposition temperature. In this work, the self-assembled technology was used to form a self-assembled silica nanosphere layer as an antireflection layer for the Mg 0.1 Zn 0.9 O MSM-UPDs. The performance enhancement of the Mg 0.1 Zn 0.9 O MSM-UPDs using PEC treatment and an antireflection nanosphere layer was investigated. Figure 1 shows the schematic configuration of the Mg 0.1 Zn 0.9 O MSM-UPDs with silica nanospheres antireflection layer. The 100 nm-thick Mg 0.1 Zn 0.9 O films were deposited on the quartz substrates using an ALD system. The precursors of diethylzinc (DEZn), bis (cyclopentadienyl) magnesium (Cp 2 Mg), and water (H 2 O) were used as zinc (Zn), magnesium (Mg), and oxygen (O) sources, respectively. The chamber pressure and the substrate temperature were fixed at 0.6 torr and 100 ∘ C, respectively. The pulse time of DEZn, Cp 2 Mg, and H 2 O was 0.5 s, 2 s, and 1 s, respectively. After each step of reactant, argon (Ar) gas was utilized as the carrier gas for 3 s. In the ALD system, the Mg content of the Mg Zn 1− O film was varied by changing the cycle ratio of ZnO to MgO. In this work, the Mg 0.1 Zn 0.9 O film was repeatedly deposited by stacking nine ZnO cycles and one MgO cycle. In the deposited procedure, the ZnO cycle was the end cycle. The composition of Mg Zn 1− O film was measured by the energy dispersive spectrometer (EDS), and the content (x) of Mg was estimated to be 0.1. The optical energy bandgap of the resultant Mg 0.1 Zn 0.9 O film was estimated to be 3.65 eV using the transmission spectrum. To fabricate MSM-UPDs, the active region of 100 × 100 m 2 was defined by conventional photolithography and lift-off technique, and then a 100 nm-thick SiO isolation layer was deposited by a magnetron RF sputtering. Prior to the interdigital metal deposition, the surface of active region was passivated using the PEC treatment to decrease surface states and dangling bonds. In the PEC treatment processes, the MSM-UPDs were dipped in the ammonia (NH 4 OH) electrolytic solution with a pH value of 8.6 and illuminated by He-Cd laser with the wavelength of 325 nm and power density of 10 mW/cm 2 for 90 s. The interdigital Schottky metals Ni/Au (20 nm/100 nm) were immediately deposited on the Mg 0.1 Zn 0.9 O active layer with PEC treatment using an electron-beam evaporator. Both the width and spacing of the metal fingers were 2 m. Finally, the silica nanospheres with 500 nm diameter were coated on the surface of MSMUPDs as the antireflection layer using a self-assembled technology. The coating procedure of silica nanospheres included that the rotational speed was 300 rpm for 60 s and then the rotational speed immediately increased to 3000 rpm for 30 s. The surface morphology of the 500 nm-diameter silica nanospheres coated layer on Mg 0.1 Zn 0.9 O films deposited on the quartz substrates was observed by scanning electron microscopy (SEM) and is shown in Figure 2 . It can be seen that the silica nanoparticles coated layer was a uniform single layer. The electrical characteristics of the Mg 0.1 Zn 0.9 O MSM-UPDs were characterized by Agilent 4156 C semiconductor parameter analyzer. The photoresponsivity spectra of the Mg 0.1 Zn 0.9 O MSM-UPDs were measured using a monochromator and an Xe lamp source.
Experimental Procedures

Results and Discussion
To understand the function of the PEC treatment, the current-voltage (I-V) characteristic of the Mg 0.1 Zn 0.9 O MSM-UPDs with and without PEC treatment was measured and is shown in Figure 3 . At bias voltage of 5 V, the dark current of the resultant MSM-UPDs with and without PEC treatment was 0.15 nA and 1.66 nA, respectively. The dark current of the passivated Mg 0.1 Zn 0.9 O MSM-UPDs was lower than that of the unpassivated Mg 0.1 Zn 0.9 O MSM-UPDs for all applied voltages. In general, the dark current was probably influenced by the surface condition. Since the Mg 0.1 Zn 0.9 O film deposited using ALD system, some dangling bonds remained on the Mg 0.1 Zn 0.9 O surface. In the previous publish [22] , the PEC treatment technique have used to treat the ZnO surface, which could form the Zn(OH) 2 thin film on the ZnO surface. Therefore, the reduction of dark current was attributed to the fact that the PEC treatment could effectively diminish the number of dangling bonds on the Mg 0. with and without PEC treatment illuminated by a UV light with a wavelength of 340 nm was also measured and is shown in Figure 3 was also measured and is shown in Figure 3 . The photocurrent of the unpassivated Mg 0.1 Zn 0.9 O MSM-UPDs was larger than the passivated Mg 0.1 Zn 0.9 O MSM-UPDs for all applied voltages. The photoinduced holes were trapped and accumulated between the active layer and cathode of the photodetectors due to the presence of defects on the active layer surface [23, 24] . Therefore, the internal gain of the unpassivated Mg 0.1 Zn 0.9 O MSM-UPDs was caused by photoinduced holes accumulation, which reduced the Schottky barrier height between metal and Mg 0.1 Zn 0.9 O film. Consequently, the higher photocurrent was attributed to the internal gain caused in the unpassivated Mg 0.1 Zn 0.9 O MSMUPDs.
To enhance the amount of incident light upon the Mg 0.1 Zn 0.9 O MSM-UPDs, the 500 nm-diameter silica nanospheres were spin-coated to form a single layer as the antireflection layer on the Mg 0.1 Zn 0.9 O MSM-UPDs. The optimal effective refractive index of the antireflection layer ( AR ) was estimated by the formula AR = √ air × Mg 0.1 Zn 0.9 O , where air of 1.00 and Mg 0.1 Zn 0.9 O of 2.30 were the refractive indices of air and Mg 0.1 Zn 0.9 O at wavelength of 340 nm, respectively. The solution of the optimal effective refractive index of the antireflection layer was 1.51. In this work, the effective refractive index of the silica nanospheres was measured by an ellipsometer and the value was about 1.48 which was similar to the optimal effective refractive index of the antireflection layer. Figure 4 shows the reflectivity of the Mg 0.1 Zn 0.9 O films with and without silica nanospheres antireflection layer. As shown in Figure 4 , the reflectivity of the Mg 0.1 Zn 0.9 O films without and with silica nanospheres was 9.9% and 2.9% at the wavelength of 340 nm, respectively. Therefore, it was confirmed that the silica nanosphere was suitable to be used to form antireflection layer in the 4 . The enhancements in the photocurrent and the UVvisible rejection ratio of the MSM-UPDs were attributed to that the amount of the incident light was enhanced by the antireflection layer, which could induce more electron-hole pairs in the active layer.
To investigate the detectivity performance of the Mg 0.1 Zn 0.9 O MSM-UPDs without and with PEC passivation and antireflection layer, the noise power density of Mg 0.1 Zn 0.9 O MSM-UPDs without and with PEC passivation and antireflection layer as a function of frequency is shown in Figures 6(a) and 6(b) , respectively. The frequency range is from 1 Hz to 1000 Hz. Obviously, the fitting curve of noise power density spectra for both MSM-UPDs was similar to 1/ 2 , as shown in Figures 6(a) and 6(b) . This result indicated that the dominant noise of the Mg 0.1 Zn 0.9 O MSM-UPDs was the generation-recombination noise, which implied that the presence of generation-recombination centers is caused by the carrier trapping in the device [25] . Consequently, there was some generation-recombination centers existed in the Mg 0.1 Zn 0.9 O films deposited by ALD system. In general, the noise equivalent power (NEP) and detectivity are commonly used to characterize the performance of the photodetector. The NEP was determined by the formula of NEP = √⟨ 2 ⟩/ , where ⟨ 2 ⟩ is the mean square noise current and R is the photoresponsivity of MSM-UPDs. The specific detectivity ( * ) is defined as * = √ Δ /NEP, where A is the optical sensitive area of the photodetectors and Δ is the bandwidth of 1000 Hz [25] . As shown in Figures 6(a) 
Conclusions
In this work, the PEC treatment and the antireflection layer were applied in the Mg 0.1 Zn 0. 
